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Neubrino Masses




The phenomena of
neukrine

oscillations is now
firmly established.
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sin? (f13) = 0.0241 & 0.0025
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Precision

Reactor & Long Baseline meosurenenks now
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Solar

As such, oscillation

e ~ measuremenks

sin” (f23) = 0.386 + 0.022 place a Lower Limit
Am%g — (2.43 4+ ()_09) « 1073 eV? on the neubtrino

N y mass scale,

Data/prediction (null oscillation)

Atmospheric

L/E (km GeV

Camilieri, Lisi, Wilkerson Ann. Rev. 57 (2008).
Fogli et al, arXiv:1205.5254 (hep-ph)




Measuring
Neubrino Masses

Neubrine oscillations have Fai.m:ed a
lower bound on neubrinoe wasses
that can be experimentally accessed.

Lower bound depends on hierarchy
of neubrinos (nverted or normal)

V"
-
Y,
w“y
vy
I~
=
3
I~
J
Y
Al
S
oadted
W
A1)

0.01 0.1
Lightest Neutrino Mass (eV)

Beta Decay Measurements



¢ The neubtrino mass scale remains one of the

Thﬁ NQM&]‘&MO essential “unkinowns” of the Standard Model.

Mass Scale

¢ Knowledqge of neubrino masses can have a
significant impact on many different
arenas, including cosmoloqy, the mass
hierarchy, sterile neulrinos, and even relic
neubtrino detection,

my > 2 eV (eV scale, currenk)
Neubrinos ruled ocub as darke matter

Ruled out by B-decay experiments

my > 0,05 eV (inverted hierarchy)
Resolve hierarchy if null result
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my > 0.01 eV (hormal ki.erarakj)
Oscillation Limik; Posstbte CVR debection
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The Era of
Precision
Cosmc)i.ogj

Cosmology has had a
similar &rajec&arj as
neutrino physics, from
E,mc:e.[a&om ko Presem& dat;



The Era of
Precision
Cosmo Logj
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C’.Osmoi.ogj has had a
similar &rajec&orj as

neutrino physics, from
imaey&iam ko Presevx& ciouj



Neubrinoe ‘ijsi;&s Y
> m,=0 [
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° Two primary cosmology measurements
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Ehak Linle ciire.c&bj to neubrine phjsics:

(1) Number of neubrino species

7. 4
(2) Sum of neubrino masses Qrh* =1+ Neffg(ﬁ)%]QVhQ
* Both larqge scale structure (LSS) and
CMB anisa&ropi,es (CMmB), parﬁicutariv 0 _ 0, > Z?y My g
CMB gravitational lensing, can be used T Deritical I

to weasure bthese quah&&ies.






The Microwave
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PLANCK Resulks

o The basic PLANCK analysis looks
ak & main cosmological
Fmrame&ers. Neubrino masses are
added as extensions to that
model.,

¢ Most conservative data
combinations see no evidence for
neubrino masses,

© Cer&a&mtj tension exists with
certain parameters (SZ clusters,
Hubble constant, ekc.) that alker
the fiks or in some cases favor
finite masses.
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Planck + WP + Highl

Planck + WP + Highl
+ BAQ

Planclk + SZ + BAQ

———  Planck+WP+highL

Planck+lensing+WP-+highL
- Planck+WP+highL (A,)
——  Planck—lowl +highl +7 prior
— — = Planck—lowL+ensing+highL+7prior

Planck —lowL +rprior

2y (95% C«Lc)

< 0,66 eV

< 023 eV

o022 + 0,09 eV
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MOVLMQ d  Ruled out by B-decay experiments |

Forward...
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° Current cosmological
Limits are starting to

Beta Decay Mass (eV)
o

push ot the degeneracy- L Ami; <0
thverted scale., 0.03 5
001} 2
Future experiments :
(CMB"‘I\}) could [ou,sh all 0003 L 99% CL (1 dof) S
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the way down ko the

normal scale. Lightest Neubrino Mass (eV)

Model dapev\ciev\t‘:ies

and degeneracies will
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Direct Probes

Electron Energy
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Beta "De.tmv

A kinematic determination of the neubrino mass

model dependence on cosmology or nature of mass



KATRIN

Electromagnetic Spectroscopy

KATRIN is currently the prominent
experiment for beta decay measurements.

New techniques being exptc;}red in the future:

ECHO, MARE-HOLMES and Project ¥




MAC~E +~ilker
Teakmiqu,e

KATRIN

Spectroscopic: MAC-E Filter

*

J— J— HV electrodes
s.c. solenoid / s.c. solenoid

T,- / P& —= :

detector
source f !

R

adiabatic transformation E;, = E,

Inhomogeneous magnetic quiding field.
Retarding potential acts as high-pass filker
High enerqy resolution

(AE'/E: = Bmim/Bmax = 093 Q\t’)




Rear Calibration Tritium retention system
Sjsf:em 101° e /s

Windowless ¢raseocus Trikium Source
£ x 101° T,/s

WGTS:
° Injected britium
source with “few

Curie O\CELVE,E:}.

° Extremely stable
pressure/ﬁemparamre

Trikium Rebtenkion ‘Sljs?:am:

e Designed to reduce
Eritium flow b:j 1014




Spec&rome&ars:

¢ 1 eV resolution
Eransmission function,

- o Inner wire eleckrodes
for background
reduckion,

. e Coils ko shape Low
field region.

» Detector:

! | —— e ° ‘Fosi&iow—-depemdem&

h —— bekta detector.

Rear Calibration Tritium retention system
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Rear Calibration Tritium retention system
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temperature Tgy [K]

I | Doy = 200 mbar
4h measurement ] laser power = 5W
- ‘ acq. time =250 s ® Provides ~ 2 x 10t B‘:} o{- O&:EEVLEj (w&h

tritium purity > 95 % e L.
britium activity extruded from system).
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KATRIN speciﬁcation:

@ Monitoring of tritium purity, pressure &
temperature.
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Intensity (arb.)

@ Temperature stability of +3.6 mK recently
vapour pressure sensor
noise band width <0.2mK | R ‘ B oachieved (x10 better than sFeCE,&ﬁo&iem).
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Main Spectrometer



WGTS
MO\SMQE
Testing ak
CEA Sactav

Recent milestone:

Main solenoids
pass stress tests.
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: Inner electrode wire mesh High Voltage Divider

Field- Compensation Air Coils

@ A 10 m diameter analyzing spectrometer with 1:2000 energy resolution (093 eV)

o Extremely stable high voltage of main vessel.

@ Few “ppm precision divider and monitoring spectrometer.
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The Main r
Spectrometer ' 5=

Recenk
milestone:

~inal pump
F.'c:r% closed

T s \ | Tuesday,
and sealed, i\ ol May 8,201
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“Firsk Light”
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First time ere—-spea&rome&en maiin

Detector Rate in cps
NN
NN o

spectrometer, and detector are all
connected,

First elecktrons in this combined
s-jsﬁem now recorded.

lectron

E
2 s

Backqground at 1 Hz, appears to be
radon-dominaked.

Will be reduced when cold boaffles &
screening Fo&em&iat are aggtiﬁc{.

Commissioning program of the main
spectrometer well underway

15

%2 I ndf 281.8/145
pO 0.0006197 + 0.0001211
p1 0.9723 + 0.02047

scanning into transmission
scanning out of transmission
random scan order

Vessel Voltage in kV




Projected o(m?) O 001 6V?

SQMS EELVQ&? Skatiskical

Final-state sper:&rum
T- lons in Tz gas
Unfolding energy Loss

1
- Column de.nsi&-j
g 0.99 Background stope
73 HV variakion
E 0.98 Potential variation i source
= \m B-field variation in source
- 097 Elastic scattering in Tz gas
m.=05eV
096 = 1 i 1 i 1 N 1 2 1
66 68 70 72 74
electron energy +18.5 keV [eV] ~ )
Neubtrino Mass Groals

= — Discovery: 350 meV (ot 50 )
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Cain we pu,sl«
further?

e Can direct measuremenks [msk
to Ehe tnverkted Mero\r«z:h'j scale?

¢ To do s0, they must have better
scaling law,

Ruled out by B-decay experiments

KATRIN Sensitivity
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Calorimetbric |
Techniques ; ey

Calorimetry

electro-thermal
link G

thermometer
AT - AV

| partlc[l_e ati\s?rber _ _ 3.0 3.5
— | energy [keV]

Phys. Rev. Lett. 91 161802 (2003)

® The use of low temperature calorimetry for beta decay
has focused on isotopes with the lowest endpoint energy.

® Particularly, '8Re as beta source (one of the lowest
endpoints, 2.3 keV).

® More recently, '3Ho electron capture (De Rujula and

o Lusignoli, 1982) has been the subject of R&D over the past
187 187 — —
Re — Os + e + v several years.
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New Ssibd=on the blocle:

Eleckron Cap&ur@.



Challenges:

Advantages
.

Challenges

o
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m__ statistical sensitivit
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total statistics N

Source Activity Detector Response

Isotopes of Interest:
P Nev > 1014 to reach AEFrwHm <10 eV

sub-eV level Trisetime < 1 MS
® Advantages: ® Experimental Challenges:

Source = detector Fast rise times to avoid pile-up

effects.
No backscattering

Good energy resolution &
No molecular final state effects. linearity

Self-calibrating Abundant isotope production
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Technology:

¢ The £CHo axperimem&
uses metallic magnetic
calorimeters to achieve
goals,

(o))
o
o

SQUID leop

¢ Fask rise kimes and
gooc& energy
resolutions and

| 144p y Liheariﬁj demomnskrated.

N Ny A — Lo ‘__‘1‘ S

M llic M - .‘ 0.5 1.0 1.5 é.o © EMG’\FOEME measured ok
etallic Magnetic e £ (ke ez e 0.0
Calorimeters

Counts per 2 eV

thermal link

thermal bath




The £CHo
Exparémem&

Technology:

SQUID leop

thermal link

thermal bath

Metallic Magnetic
Calorimeters

Future Steps

e Collaboration moving
toward mui.&i,—[oi,xet
experimam&s to herease
sehsiﬁvi&j.

¢ Studies of solid state
effects and further
investigation of holmium
endpoint.

absorber on stems above sensor
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I.:’ h\}ls B Vrj;l.o J(bﬂsl
thermal heat
link bath
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The HOLMES
Exyerimem%

Technologies:
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30 um

Superconducting Resonators

. Ir
Al wires /

—

Transition Edge Sensors

MARE-HOLMES

¢ MARE (Phase I) explored various techinology approaches,
such as Transition-Edqge Sensors (TES) and Microwave
Kinetic Inductance Detectors (MKIDs).

© Successful extraction of Ho™ lons for metal production
and implantation onto detectors.

¢ Successful funding received for one thousand channel Ho
detector experiment (the HOLMES experiment).




?YQ\}Q{:& ? . = “Never

measure
anything but

- _ ‘ frequency.”
Coherent radiation emitted

can be collected and used
to measure the energy of
ciesf:rm:?:ivetv‘ @ Use cjcm&ram

Afraqu,amcv to extract

electron enerqy. ( —

Y :K—I—me

@ Non-destructive
measurement of
electron enerqy.

B field —

Frequency Approach

SH — SHet + e + 1,

B. Monreal and JAF, Phys. Rev D80:051301



Simulation of electron motion in magnetic bottle
Unique
Advantages

magnetic_field Magnitude

""w“

® Source = Detector 0.945
(Mo need to separate the rn lappi
. rare high-ener \ many overlappin \
electrons from the tritium) elegtrons ¥ Iow-er{ergy electrois

& ﬁraquahav Measuremenk

(can pin electron energies to

Power (arb. units)

well-lenown {requancv
standards)

0 =1.565

@& Full Spa@&rum SampLLMg

l” N”

<« 17572 @V

tritium endpoint

(full spectrum measured at

ohce, large leverage for
stability and statistics)

6 25.8 26 26.2 26.4 26.6 26.8 27 27.2
Frequency (GH2)

Simulation of beta (frequency) spectrum




A Phased Apprcmtk

Initial Demonstration Source: 83mMKr

86d 83Rb

&
17824.35+0.75 eV
4conversion
* ‘electron
1.83h 8mKr 1/2-

]
]
L}
 J
4
.8 o
! ]
L 4
32.1 et 7 / 2+

9.4

154ns 83Kr 7/2+
9.4
stable 8XKr 9/2+ I

atom K-ion

Conversion electrons at
30 and 32 keV also exist.

Mowho-enerqetic gaseous electron source

Collaborakion taking a Phased apprc}a\th to understand scaling and
systematics of the experiment.

First phase (single electron detection) underway,

Design for second stage well under way,




Status of Phase I (Single Electron Detection)
m:-hr*

Main Superconducting Magnet

~100 G Trapping coil Magnet Cooldown
| T field (27 GHz)

Using 093 Tesla field, where signal occurs ab Y26 GHz with trapping coil
About 0.5 fW of radiated power.

Wavequides designed for 26 GHz signal with low noise amyti{iers and full digitization

First data in January with rather large (Y150 K) temperatures as initial test of system.



Status of Phase I (Single Electron Detection)

Power Distribution, 870-890 MHz, Channel 1

TT11]

Measur _ d
Predicted -

s/ MHz

=TT T

Candidates /

T' l | 1 A A | | A ' i | A A 1 l |
25 252 25.4 256 258 26 26.2 264
Frequency (Hz)

Wed Sep 11 10,32:35 2013

Candidate background Thermal noise spectrum, January run
spectrum (Not o £ib)

Using 093 Tesla field, where signal occurs ab Y26 GHz with trapping coil
About 0.5 fW of radiated power.
Wavequides designed for 26 GHz signal with low noise amyti{ievs and full digitization

First data in January with rather large (Y150 K) temperatures as initial test of system.




Status of Phase I (Single Electron Detection)

Gas source System Specification Achieved

in/out

< few 1076
DPPH

Monitoring

Maghetic 17T Fleld

WR-42 Fleld l1o0°% accuracy
waveguide :

< 107 YTorr

) . : o6
WR-42 twist | Gas System 107 Tory PIPS detector

DPPH source ' Noise

T sus o K Tous ~ 38 K
Tempera&ura g <0 J °

~<«—— Trapping section —> 10 4
Sensitivity SNR, » 12 for ;:f; 5 fw Z

g >\ Tickler port Analysts o4 W signal room temp.

New ruin will E,m[zarcwa the noise Eampara&ure down ko ~ 35K,
Sjs&e.m underqgoing commissioning now,

Analysis & simulation show signal efficiency of »90% for electrons down
Sensitivity of < 0.1 fW and »50 ps trapping time.

Use electron spin resonance (ESR) for in-situ calibration of magnetic field.



Moving Beyond the
Degeneracy Scale rotational

so far tnvolves the use of gaseous
molecular brikium,

o Most effective britium source achieved ,
\

vibrakional

o Method will eventually hit a resolution
“wall” which is dictated by the
rotational-vibrational states of To. This
places a resolution Limit of ©.36 eV.

-
o

oo

Inherent
0.36 eV
pure) atomic tritium or other isotope ‘ﬁ«“&t state
with equivalent yield. SMQO\Y‘E«MS
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¢ Ohe needs to eibher swikch to (e.xf:remeij
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o The trapping conditions necessary for
electrons also lends itself for atomic
trapping of atomic tritium
(R. &. H. Robertson)

2 4
. energy [eV]




Projected Sensitivity (Molecular & Atomic)

L0 Sys&ema&itss include:

Statistical uncertainties
(1 year run)
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—

o

|
T T T T 11
N W Ao

11
T,, 3x10° molecules/cm? Fiunal sktabe tnkerackions

—

Testupak broedanipg
€ (2 70 mCL)

Scattering

A® ‘UWi| ssew 1) %06

III
©

Al
>
)
o
>
&
£
C
O
)
.
> 0.1
()
©
O
el
©
O
-
©
)
Vg

Rackqround
Volume w5 byt

T : ela :&&%ﬁ«%gma&v
Atomic T, 1x10 “atoms/cm? |
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107 10" 10° 10" 102 10 1% wntarﬁo\imﬁv i resolution
- 3 V L] d d
Effective volume, m distribution

Sensitivity for both molecular and atomic britium are shown.

Systematics include final state interactions, thermal broadening,
statistical uncertainties, and scattering.

Can calibrate against frequency standards.



It is rare in our field that
two systems are completely
orthogonal except for only a
few key quantities.

Direct probes may provide a
robust test of cosmology
(and vice-versa).

Disagreement o a sighal
would Fmih& o new Phjsi,c:s;
agreement would be an
outstanding triumph.

ik should bruly be an
exciting decade!
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